In this paper, we present the results of experimental study and finite element modeling of the push-out tests on a new shear connector of I-shape. 24 push-out specimens with I-shape shear connectors were tested under a static loading in the Laboratory of Materials and Mechanics of Structures -LMMS at the University of M'sila, Algeria. The test specimens were designed to study the effect of the following parameters on the ultimate load capacity: the height of I-shape connector, the length of I-shape connector, the compressive strength of concrete and the number of transverse reinforcing bars. The load capacity, the ductility and the modes of failure were presented and discussed. Furthermore, a finite element modelling of the push-out tests was carried out using ANSYS software to investigate the stress distribution pattern in the area of the I-shape connector. Moreover, the finite element model was also used to simulate another type of shear connector, called channel connector in order to compare its behaviour with that of the I-shape connector. From this comparison, we suggested an equation for the prediction of the ultimate load capacity of I-shape shear connectors.
INTRODUCTION
The shear connectors are commonly used to ensure composite action in a steel-concrete composite beam. Their main function is to resist longitudinal shear forces at the steel-concrete interface, and to prevent vertical separation between the concrete slab and the supporting steel beam. Many types of shear connectors have been developed and used in the past. The most widely used shear connector in practice is the welded stud (Figure 1(a) ) with a suitable head that contributes to the shear transfer and prevents the uplift. Nevertheless, due to the small load carrying capacity of stud connectors and also due to the fatigue problems caused by live loads on composite bridges, some other alternative shear connectors are proposed such as the angle connector with anti-uplift bar (Figure 1(b) ) and the channel connector (Figure 1(c) ) which are frequently used in Algeria and in some other countries.
Figure 1. Types of Shear Connectors
The economic considerations continue to motivate the development of new systems to ensure the load transfer between steel and concrete components in composite structures. Recently, several authors have proposed new types of shear connectors, such as Y-type perfobond rib connector [1] , J-hook connector [2] , Bolted connector [3] , Rubber-sleeved stud [4] , and V-shaped angle connector [5] . In this context, a new shear connector, called I-shape connector is proposed. As shown in Figure 1 (d), the shape of this connector is appropriate to resist shear forces and prevent vertical separation between the steel beam and the concrete slab. In addition, angle and channel connectors [6] are limited to shear transfer in the recommended direction only, while the I-shape connector can resist and transfer shear in the two directions with same quantity, making it the more useful shear connector in composite beams subjected to seismic loading. Moreover, the facility of producing the I-shape connectors by their cutting from the ordinary laminated I profiles is another advantage. The welding task has the same characteristics as referred for angle and channel connectors.
A review of the literature indicates that any research work has been done to investigate the feasibility of using I-shape pieces as shear connectors. In this paper, we present the results of experimental study and finite element modelling of the push-out tests on a new shear connector of I-shape. 24 push-out specimens with I-shape shear connectors were tested under a static loading in the Laboratory of Materials and Mechanics of Structures -LMMS at the University of M'sila, Algeria. The load capacity, the ductility and the modes of failure were presented and discussed. The effect of the dimensions of I-shape connector, the effect of strength of concrete, and the effect of the number of transverse reinforcing bars have been discussed [7] . Furthermore, a finite element modelling of the push-out tests was carried out using ANSYS software [8] to investigate the stress distribution pattern in the area of the I-shape connector. Moreover, the finite element model was also used to simulate another type of shear connector, called channel connector (Figure 1(c) ) in order to compare its behaviour with that of the I-shape connector. From this comparison, we suggested an equation for the prediction of the ultimate load capacity of the specific shear connector proposed in this research.
EXPERIMENTAL PROGRAM
The experimental program consisted of 24 push-out tests grouped in four series, each with three pairs. Each pair included two identical specimens. The test specimens were designed to study the effect of the following parameters on the ultimate load capacity: the height of I-shape connector, the length of I-shape connector, the compressive strength of concrete and the number of transverse reinforcing bars. Details of each push-out specimen are provided in Table1 with the dimensions of I-shape shear connector, the compressive strength of concrete slab and the number of transverse reinforcing bars. As illustration, Figure 2 shows the specimens of the series A. 
Description of Push-out Specimens
Due to some practical difficulties of the testing device, it was not possible to prepare the push-out specimens according to Eurocode 4 [9] . To simplify the experimental procedure, the authors have decided to follow the recommendations of British standards BS 5400-5 [10] . As shown in Figure 3 , a push-out specimen consists of two small concrete slabs held in the vertical position, and attached to the flanges of a short HEB160 steel beam of 360 mm long, by means of welded I-shape shear connectors. The assembly was subjected to a vertical load which produced shear load along the interface between the concrete slab and the steel beam flange on both sides. A recess of 60 mm was provided between the bottom of the slab and the lower end of the steel beam to allow for slip during testing. The dimensions of concrete slabs were 360 mm long, 320 mm wide, and 120 mm thickness for each slab. For the specimens of series A, the thickness of the concrete slabs was 140 mm instead of 120 mm. The distance between the web of I-shape connector and the bottom end of the concrete slab was kept constant at 210 mm for all specimens. These dimensions are similar to those used in other push-out tests with other types of shear connectors [11] [12] [13] [14] [15] . Most specimens were reinforced longitudinally and transversely with four 8 mm diameter bars positioned in two layers for each concrete slab, for some specimens in Series D, the number of longitudinal bars kept constant while the transverse bars were varied to six and eight bars for each concrete slab. The slabs of all push-out specimens were cast vertically, rather than horizontally, so that both slabs could be cast from the same batch of concrete to reduce the chance for variation in concrete strength from one slab to another. Each lift was thoroughly vibrated to eliminate air voids adjacent to the I-shape connectors. This form of casting has been successfully used by Veldanda & Hosain [16] , Studnicka et al [17] , Medberry & Shahrooz [18] , Veríssimo [19] , Vianna et al [20] and by Prakash et al [14] . Adoption of this procedure leads to a significant reduction of the time for execution of the test program, as well as of costs associates to the cut and the welding of the steel beams that would be necessary to execute the casting in horizontal position [21] . In addition, the casting in vertical position does not causes important modifications since the slabs have small dimensions. The chemical bond at the steel-concrete interface was eliminated by oiling the steel flanges before casting the slabs. The oiling of the steel flanges and the provision of the reinforcing bars before concrete pouring are shown in Figure 4 . 
Material Properties
After the concrete was cast for the push-out specimens, five concrete cylinders (160 mm diameter x 320 mm length) were prepared during each pouring. These concrete cylinders were tested for compressive strength on the same day of the push out tests. Table 2 shows the results of the compressive strength tests. The tensile strength and the modulus of elasticity of the concrete were calculated according to the procedure proposed by Eurocode 2 [22] . The properties of the other materials used in this test program such as steel of I-shape shear connectors, and steel of reinforcing bars, were also determined by tension tests. Three coupon samples were cut from the web of I-shape connectors and from the reinforcing bars. The specimens' size and the tensile test procedure have been performed according to the procedure proposed by ASTM-E8-69 [23] . The results of the tension tests are summarized in 
Test Setup and Instrumentation
The push-out specimens were tested under monotonic loading using a hydraulic testing machine of 600 kN capacity. A 30 mm thick steel plate was used as a base plate for the specimens, and at the top end of the specimens, a 12 mm thick steel plate was placed on the steel section to distribute the applied loads. Prior to initializing the test, the specimens were preloaded several times to remove any lack of fit in the test set up. The preload force was then released, and equilibrium was established in the system. Initially, the load was applied in increments of 10 kN, when the load-slip curve started to deviate from a straight line, the load increment was reduced to 5 kN until the maximum load. The loading was continued until failure occurred. During each load increment, the slip between the steel beam and the concrete slab and the separation of the concrete slabs from the steel flanges were measured by means of four 20 mm dial gauges located at the level of I-shape shear connectors. Each specimen took about 45 minutes till it completely failed. Figure 5 shows a typical test setup used for the push-out specimens.
Figure 5. Test Setup and Instrumentation

TEST RESULTS
The results of the push-out tests are summarized in Table 4 . The values of the load capacity and the ductility of the I-shape connector were evaluated in accordance with the specifications of Eurocode 4 [9] : The ultimate load capacity of a connector Pu was obtained by dividing the failure load of the specimen by the number of connectors, the characteristic load PRk was taken as the least failure load divided by the number of connectors and reduced by 10%, the slip capacity Su was considered as the maximum slip correspondent to the characteristic load PRk and the characteristic slip Suk was taken as 90% of the slip capacity i.e. 0.9Su. 
Failure Modes
The failure modes observed from the push-out tests can be generally classified into two types, as presented in Table 4 . The first mode of failure is the shearing of connector. The characteristic feature of this failure mode was the yielding and then shearing of the web near the welded flange fillet. Figure 6 (a) shows the shearing of the I-shape connector with a remarkable cracking of concrete. The second mode of failure is the cracking and crushing of concrete slab in front of the connector as illustrated in Figure 6 (b). It was noticed that the shearing of connector was occurred, especially in the specimens with higher strength concrete and/or with connectors of smaller length. However, in specimens made using low and moderate strength concrete, the failure was caused by cracking and crushing of the concrete slab. 
Load-slip Behaviour
The load-slip curves of two specimens representing the two types of failure shown above are presented in Figure 7 . Slip increased with increasing load until the specimen reached the ultimate load, and afterwards the load decreased systematically until failure. For the specimen C3-b, the shearing of I-shape connector was identified by a characteristic sound and load drop, and separation occurred on one side only. For the specimen B3-a, it appears that even after the cracking and crushing of concrete in front of the I-shape connector, the friction between the cracked concrete surfaces continued to provide shear resistance at large slips. , a connector may be taken as ductile if the characteristic slip Suk is at least 6 mm. As indicated in Table 4 , for the specimens that failed by cracking and crushing of concrete, the I-shape connectors are sufficiently ductile since they present a characteristic slip Suk greater than 6 mm. While, for the specimens failed by shearing of connector, the characteristic slip Suk is slightly lower than 6 mm and the load-slip behaviour is less ductile. It worth noting that the push-tests were performed with load control due to some limitations of the testing machine at the time. It is possible that the values measured for slip are smaller than those that would be attained with displacement control.  Concerning the separation of the concrete slabs, the uplift values obtained from the push-out tests with I-shape connectors, were found to be small and thus were considered to have minimal influence on the behaviour of these connectors.
PARAMETRIC STUDY
Effect of the Height of I-shape Connector
The load-slip curves for three pair specimens A1, A2, and A3 are shown in Figure 8 . These specimens were similar in every respect except that the height of I-shape connector in specimens A1, A2, and A3 was 80, 100, and 120 mm, respectively. The length of I-shape connectors was 60 mm. The compressive strength of concrete used in all three pair specimens was 20.11 MPa.
As the load-slip curves indicate, the ultimate load capacity of I-shape connector increased slightly with the increase in the height of connector. On average, the ultimate load increased by about 10% when the connector height was increased from 80 mm to 100 mm. There was a further increase of 6% when the connector height was increased from 100 mm to 120 mm. All three pair specimens failed due to Cracking and crushing of concrete. Since the height of I-shape connector has a small influence when failure is concrete related. However, the specimen with a higher connector showed a slightly more ductile behaviour. 
Effect of the Length of I-shape Connector
The load-slip curves for three pair of specimens B1, B2, and B3 are shown in Figure 9 . These specimens were similar in every respect except that the length of I-shape connector in specimens B1, B2, and B3 was 40, 60, and 80 mm, respectively. The height of the connector used in these specimens was 80 mm. The compressive strength of the concrete was 26.52 MPa. As the load-slip curves indicate, the ultimate load capacity is influenced significantly by the increase in connector length. On average, increasing the length of I-shape connector from 40 mm to 60 mm (50%) led to an increase in the ultimate load capacity of approximately 56%, as well as a further increase of connector length from 60 mm to 80 mm (33%) led to an increase in the ultimate load capacity of approximately 27%. Figure 9 . Effect of the Length of I-shape Connector Figure 10 presents the load-slip curves for three pair specimens C1, C2 and C3 which were identical except that the compressive strengths of concrete were 21.23, 26.28 and 31.47 MPa, respectively. As indicated in Table 4 , it appears that the concrete strength governed the mode of failure. Shearing of connector was observed in the pair specimens C3 with the highest strength concrete while, in the two pair specimens C1 and C2 with lower and moderate strength concrete, respectively, failure was occurred by cracking and crushing of concrete. 
Effect of Concrete Strength
Effect of transverse reinforcement
The load-slip curves for three pair specimens D1, D2, and D3 are shown in Figure 11 . These specimens were similar in every respect except that the number of transverse reinforcing bars in each concrete slab of specimens D1, D2, and D3 was 4Ø8, 6Ø8, and 8Ø8, respectively. The compressive strength of concrete used in all three pair specimens was 20.11 MPa. As the load-slip curves indicate, the ultimate load capacity was not significantly influenced by the increase in the number of transverse reinforcing bars. On average, increasing the number of transverse reinforcing bars from 4Ø8 to 6Ø8 led to an increase in the ultimate load capacity of approximately 5%, while a further increasing of transverse reinforcing bars from 6Ø8 to 8Ø8 led to an increase in the ultimate load capacity of only approximately 2%. However, the specimens with 6Ø8 and 8Ø8 exhibited a more ductile behaviour (i.e., larger maximum slip values) than the specimens with 4Ø8. The reason for this difference in behaviour can be attributed to the presence of transverse reinforcing bars which limit the cracking of the concrete around the connector at the ultimate loads. 
FINITE ELEMENT ANALYSIS
During the preparation of the push-out specimens, we encountered difficulties in the installation of the strain gauges on the level of each I-shape connector. Therefore, to observe its local deformation, the finite element analysis serves better than that of the experimental investigation. Nevertheless, due to complexity of three-dimensional models (meshing difficulties, memory requirements, numerical convergence problems and result interpretation difficulties), a two-dimensional model was then chosen for simplicity.
Two-dimensional models with plane stress elements were used by many authors. Kim et al. [24] were one of the first researchers to employ a two-dimensional plane stress elements using LUSAS software to study the behaviour of through-deck welded shear connectors in push-out tests. The steel beam, concrete slab and stud were modelled by quadrilateral and triangular plane stress elements and the profiled steel sheeting by bar elements. Wang [25] proposed a two-dimensional model using ABAQUS software to investigate the behaviour of stud shear connectors with profiled steel sheeting in push-out tests. Quadrilateral plane stress elements were used to model the concrete slab, the steel beam and the profiled steel sheeting. Shear connectors were modelled by horizontal and vertical springs along the steel-concrete interface, and non-linear load-slippage curves representing realistic deformation characteristics were readily incorporated. Recently, Guezouli and Lachal [26] developed a new two-dimensional model to study the effect of steel-concrete contact and friction on the behaviour of stud shear connectors in push-out tests. It has been observed that the previous two-dimensional models with plane stress elements are able to predict satisfactorily the behaviour of the shear connectors both in terms of strength and ductility without any difficulty.
Two-dimensional finite element model
The push-out specimen shown in Figure 3 was modelled by a two-dimensional finite element model using ANSYS software [8] . Because of symmetry, only half of the specimen with one I-shape shear connector was built as shown in Figure 12 . Figure 12 . Finite element modelling of push-out specimen with I-shape connector
Finite element types
The concrete slab, the steel beam and the I-shape connector were modelled using quadrilateral plane stress elements PLANE42, which have four nodes with two displacement degrees of freedom per node. The thicknesses of the plane stress elements were assigned to be equal to the effective width of the concrete slab as well as flange width and web thickness of the steel beam and the section of I-shape connector as appropriate. The reinforcing bars were modelled in a discrete manner using the two-dimensional spar element LINK1, which have two nodes with two displacement degrees of freedom per node. In this study, full bond action was assumed between the reinforcing bars and the concrete slab. Therefore, the nodes of LINK1 elements are attached to coincident nodes of PLANE42 elements of the concrete slab, so the two materials share the same nodes. The contacts along the steel-concrete interfaces between the I-shape connector and surrounding concrete and also between the flange of steel beam and concrete slab were modelled using a contact element CONTA171 associated with a target element TARGE169. These elements are able to simulate the existence of pressure between the elements when there is contact, and separation between the same ones when there is not. The contact pairs still allow the consideration of the friction between the parts. Hence, from the literature reviews, the friction coefficient developed at the interface (connector -surrounding concrete) was taken equal to 0.6 while at the interface (flange of steel beam -concrete slab) was taken equal to 0.01 because, in the push-out tests, the friction was eliminated by oiling of the steel beam flanges before the casting of concrete slabs.
Material modelling of steel and concrete
The material properties obtained from the tests were used in the finite element analyses. On one hand, the steel of I-shape connector, steel of reinforcing bars and steel beam were modelled as an isotropic elasto-plastic material in both tension and compression taking into account hardening effects. On the other hand, the behaviour of concrete was simulated by a simplified material model having different properties in tension and compression. In compression, the concrete was modelled by a multi-linear isotropic hardening relationship, which uses the von Mises yield criterion. In tension, the behaviour is linear up to the tensile strength of concrete. After this point, the softening branch remains horizontal to avoid numerical problems due to fact that the material nonlinearity in ANSYS cannot handle a negative gradient in the last stage of stress-strain curve.
Mesh and boundary conditions
After the election of the suitable finite elements, the discretization of each part constituting the model was made by applying a coarse mesh as an overall size to reduce the time of analysis. The fine mesh was applied at the area of the I-shape connector in order to obtain more accurate results. Figure 12(b) shows the mesh and the boundary conditions adopted for the two-dimensional finite element model:
 All nodes along the middle of the steel beam web were restricted from moving in X direction due to symmetry.  All nodes at the base of concrete slab were restricted from moving in X and Y directions to resist the compression load and to prevent the lateral spacing of the concrete slab at its base.
Application of load and convergence criteria
In this analysis, load control was applied. Loading was incrementally applied to the top line of the steel beam as shown in Figure 12 (b). The slip was measured at the level of the I-shape connector. Therefore, the load-slip curve can be plotted and the ultimate load capacity can be determined. The ANSYS software [8] used the Newton-Raphson equilibrium iterations to provide convergence at the end of each load increment within tolerance limits. In this study, convergence criteria were based on force and displacement, and the convergence tolerance limits were initially selected by the ANSYS software [8] . The convergence limits for this analysis used the L2-norm (square root sum of the squares) of force tolerance equal to 0.1% and an L2-norm check on displacement with 5% tolerance.
Calibration of the Finite Element Model
In order to calibrate the finite element model, two push-out specimens (C3-b and B3-a) that were tested previously were simulated using the two-dimensional model described above. The dimensions of the push-out specimens and the test results were reported in the experimental part. Figure 13 presents a comparison between the (load-slip) curves recorded experimentally and those obtained numerically by the finite element method for the two specimens. There is good agreement between experimental and finite element results. Nevertheless, the numerical curves diverge from the experimental curves after the reaching of the ultimate load. This was due to the concrete material modelling used in the finite element analysis. For the specimen C3-b, the maximum load per one connector was recorded at 82.5 kN compared with 85 kN obtained from the finite element solution. For the specimen B3-a, the push-out test gave an ultimate load of 107.5 kN compared with 115 kN obtained from the finite element analysis. In the first specimen C3-b, the failure of the shear connection was occurred by yielding and then shearing of the I-shape connector. This mode of failure was confirmed numerically by a concentration of the maximum stresses on the level of the web near the welded flange of I-shape connector as it can be seen in Figure 14 (a). While, in the second specimen B3-a, the failure of shear connection was occurred by local crushing of the concrete around the I-shape connector. This mode of failure was also confirmed by the finite element analysis. As shown in Figure 14 (b), a concentration of the maximum stresses was observed in the concrete at the frontal area of the connector. The deformed shape of the connector after the failure of the specimen B3-a is compared with the finite element result. As it is shown in Figure 15 , a separation of the concrete behind the connector was occurred in the push-out test. This separation was also noticed during the finite element analysis. Figure 15 . Typical deformed shape of the I-shape connector (specimen B3-a)
Modelling of the Push-out Specimens with Channel Connector
A simulation of the push-out specimens with channel shear connector of U-shape was conducted using the verified two-dimensional model in order to compare its behaviour with that of I-shape connector. Dimensions and mechanical properties of the two types of shear connectors are identical. Figure 16 shows the mesh and boundary conditions of the corresponding push-out specimens. As shown in Figure 18 , the mode of failure by yielding and then shearing of the steel connector was confirmed numerically by a concentration of the maximum stresses at the junction of web and welded flange for the two types of shear connectors. The mode of failure by crushing of the concrete was also confirmed numerically for the two types of shear connectors. As shown in Figure 19 , a concentration of the maximum stresses was observed in the concrete at the frontal area of the connector for the two types of shear connectors. 
ESTIMATION OF THE ULTIMATE LOAD CAPACITY OF I-SHAPE CONNECTOR
As mentioned above, the finite element analysis of the push-out tests on the two types of shear connectors confirms the similarity of their behaviour. Therefore, the ultimate load capacity of the I-shape connector can be estimated with the same formulas that have been developed for the channel connector.
From the literature, Slutter and Driscoll [27] suggested an empirical equation to predict the ultimate load capacity of a channel shear connector embedded in a solid concrete slab. This expression was later modified to be able to use it with light-weight concrete, and presented in the American Institute of Steel Construction specification [28] in the following form:
where Pu is the ultimate load capacity of a channel shear connector (N), tf is the flange thickness of channel shear connector (mm), tw is the web thickness of channel shear connector (mm), Lc is length of channel shear connector (mm), fck is the compressive strength of concrete (MPa), and Ecm is the modulus of elasticity of concrete (MPa).
The current Canadian standard CAN/CSA-S16-01 [29] also suggests a similar equation to predict the ultimate load capacity of channel shear connectors:
Pashan and Hosain [30] concluded that the CSA equation is too conservative. By including channel height Hc as a parameter, they developed the following empirical equation to evaluate the load capacity of channels having a height of 100 mm:
Considering the similarity of the behaviour between the two types of shear connectors, a comparison between the ultimate load values obtained from the push-out tests and those predicted by the above equations are listed in Table 5 . It appears that the ultimate load capacity predicted by Eq. 2 is closer to the experimental results compared with the results obtained from Eqs. 1 and 3. The average arithmetic mean (μ) of the ratio of test to predicted values, the standard deviation (σ), and the coefficient of variation (ν) for Eq. 2 are 1.003, 0.030, and 2.972%, respectively. However, this equation was found to overestimate the ultimate load capacity when the mode of failure is shearing of connector. Therefore, another formula for ultimate load capacity of I-shape shear connector at this failure mode is necessary. Then, the final form of the adopted equation is:
where Pu is the predicted ultimate load of the I-shape connector (N) ; tf is the flange thickness of the I-shape connector (mm); tw is the web thickness of the I-shape connector (mm) ; LI is the length of the I-shape connector (mm) ; fck is the compressive cylinder strength of concrete (MPa) ; Asc is the shear area of I-shape connector (mm 2 ), Asc = tw.LI ; fu is the ultimate tensile strength of the I-shape connector steel.
The first equation refers to the concrete crushing failure, and the second corresponded to the shearing of the connector. The lesser of the two values is used in the design. 
CONCLUSION
This paper presented the results of tests performed on 24 push-out specimens to investigate the feasibility of using I-shape pieces as shear connectors. Furthermore, a finite element modelling of the push-out tests was carried out using ANSYS software to investigate the stress distribution pattern in the area of the I-shape shear connector. Moreover, the finite element model was also used to simulate another type of shear connector, called channel connector in order to compare its behaviour with that of the I-shape shear connector. From this comparison, we suggested an equation for the prediction of the ultimate load capacity of the specific shear connector proposed in this research. From this study, the following conclusions are drawn concerning the failure modes, the ductility and the ultimate load capacity:
 The failure modes observed from the push-out tests can be generally classified into two types: Shearing of the connector and Crushing-cracking of the concrete slab. The shearing of the connector was occurred, especially in the specimens with connectors of lower steel grade and smaller length embedded in concrete slabs of higher strength. However, in specimens with I-shape connectors of higher steel grade and concrete slabs of low and moderate strength, failure was caused by cracking and crushing of the concrete surrounding the connector.  For most push-out tests, the characteristic slip capacity was found greater than 6 mm. Therefore, the I-shape shear connector can be considered as ductile, according to Eurocode 4.  Concerning the separation of the concrete slabs, the uplift values obtained from the push-out tests, were found to be small and thus were considered to have minimal influence on the behaviour of I-shape shear connectors.  The comparison between the I-shape connector and the channel connector by the finite element analysis confirms the similarity of their behaviour. Therefore, the Canadian code equation that has been adopted for the channel connectors is capable of predicting the ultimate load capacity of I-shape connectors with reasonable accuracy.  Finally, the I-shape connectors can be effectively used in composite beams to transfer the longitudinal shear forces across the steel-concrete interface, but further experimental investigations are necessary to study their behaviour in simply supported and continuous composite beams.
